ABSTRACT: Before remediating a site with contaminated soil or groundwater, the contaminant plume must first be characterized. This involves sampling the contaminant concentration at a set of locations in and around the contaminated area. To present the measured concentrations in a meaningful form, the concentrations are typically interpolated to the nodes of a three-dimensional grid and the plume is visualized by constructing isosurfaces from the gridded data. The critical step in this process is the interpolation stage.
INTRODUCTION
During the last two decades, the environmental industry has experienced explosive growth.
Must of this growth is due to new government regulations related to the remediation of contaminated soils and groundwater. The purpose of these laws is to protect our fragile groundwater supplies for future generations. A variety of innovative techniques have been developed to clean up soils and groundwater including simple schemes such as pump and treat systems to more exotic schemes such as steam injection and vapor extraction and in situ bioremediation.
Before any remediation process can be initiated at a contaminated site, the site must be accurately characterized. This involves determining the nature and concentration of the contaminants, and the size and extent of the contaminant plume. The characterization of a contaminated site typically consists of the following steps:
1.
Determining the history of the site.
2.
Studying the geology of the site.
3.
Selecting an appropriate sampling technique.
4.
Sampling the soil or groundwater at selected locations.
5.
Analyzing the samples to determine the concentration of the contaminant.
6.
Processing the sample data to generate a map of the contaminant plume.
In some cases, steps 3-6 are repeated in an iterative sampling approach. The end result of the characterization process is a map detailing the size, distribution, and location of the plume. Since most plumes cannot be adequately represented in two dimensions, the map often consists of a three-dimensional plot with supporting data. This map is then used to select an appropriate remediation strategy and to design the remediation system. The accuracy of the map is critical in ensuring that the remediation system will work efficiently and that the bulk of the plume will be within the region of influence of the remediation system.
Each of the steps listed above has a significant influence on the accuracy of the plume map.
However, the last step is particularly important. If the data processing and plume visualization stage is done poorly or incorrectly, much of the time and money spent on sampling is wasted. The purpose of this paper is to provide an overview of the data processing and visualization stage of the 3D plume characterization process. Further, it will be shown that that there are a number of unique problems associated with the application of general purpose interpolation schemes to plume characterization.
Suggestions for overcoming or minimizing these problems are discussed.
3D PLUME CHARACTERIZATION
Regardless of how the data are sampled, the results of the sampling phase generally consist of a set of concentrations in the form x-y-z-c, where x-y-z is the location of the sample and c is the contaminant concentration. An example of a set of sampling locations is shown in Figure 1a . In order to characterize the plume, an interpolation scheme must be used to generate a continuous three-dimensional function that represents a reasonable estimate of the contaminant plume. This function is of the form: (Figure 1b) . At this point, the values at the grid nodes can be used to generate a three-dimensional plot of the plume using iso-surfaces (Figure 1c ).
Iso-surfaces are the three-dimensional equivalent of two-dimensional contour lines. Just as a contour or "iso-line" represents a constant value of a two-dimensional function, an isosurface represents a constant value of a three-dimensional function. In the case of plume characterization, a threshold concentration value is selected to compute the iso-surface.
The volume inside the surface represents the region where the concentration is greater than the threshold value and the volume outside the surface represents the region where the concentration is less than the threshold value.
Iso-surfaces are typically constructed using a "marching cubes" algorithm (1). A marching cubes algorithm constructs an iso-surface by processing each cell in the three-dimensional grid independently of the other cells. The concentration values at the eight corners of the grid are compared to the iso-value to determine if they are greater, equal to, or less than the iso-value. Depending on the status of the cell corners, a set of small triangles representing a portion of the iso-surface is created and added to a list of triangles ( Figure 2 ). Once each of the cells has been processed, the iso-surface is represented by the entire set of triangles generated in this fashion.
Originally, programs for computing iso-surfaces were of limited availability, were very expensive, and only worked on high performance graphics workstations. However, as computer capability increases and software and hardware costs decrease, a number of inexpensive PC programs for generating iso-surfaces are available.
INTERPOLATION
As mentioned above, the contaminant concentrations must be interpolated from the sampling locations to the nodes of a three-dimensional grid before iso-surfaces can be generated. Almost all interpolation schemes utilize some variation of a weighted moving average approach represented by: (2) where n is the number of points in a subset of the sampling points near the interpolation point, c i are the concentrations at the sampling points, and w i are the weights associated with each concentration. The weight assigned to a sampling point is a function of the proximity of the sampling point to the interpolation point. The primary difference in the interpolation schemes is how the weights are computed. Several in-depth reviews of interpolation schemes can be found in references 2-6.
This interpolation process is the most critical step in the plume visualization process. In most cases, the data are sparse and the choice of interpolation scheme can have a dramatic effect on the results. There are several unique problems associated with three-dimensional interpolation of contaminant data that must be understood in order to ensure that the resulting iso-surfaces are a reasonable and accurate interpretation of the measured concentrations. These problems include improper inference of maximum concentrations, negative concentrations, oscillations, data clustering, and problems associated with kriging.
IMPROPER INFERENCE OF MAXIMUM CONCENTRATIONS
One of the problems that can occur when characterizing contaminant plumes relates to improper inference of maximum concentrations. This problem can be represented in one 
NEGATIVE CONCENTRATIONS
Although schemes which extrapolate trends in the sample data are effective at inferring maximum concentrations, unfortunately, such schemes can also result in negative interpolated concentrations. This phenomenon is shown with a one-dimensional example in Figure 4 . The actual plume and the locations where the contaminant concentration was sampled are shown in Figure 4a . The samples were all taken at locations in the plume where the concentration is non-zero. On the edge of the plume the concentrations approach zero. However, projecting these trends can lead to negative concentrations as shown in Figure 4b .
In the case of three-dimensional interpolation, the presence of negative concentrations often goes undetected. This is because three-dimensional plumes are typically visualized with the aid of iso-surfaces. Iso-surface corresponding to non-negative iso-values look the same regardless of whether or not negative values have been interpolated. However, if the total Jones/Davis 7 mass of the contaminant is estimated using by integrating values interpolated to grid nodes, the presence of negative concentrations will lead to underestimation of the total contaminant mass.
One simple solution for eliminating the problem of negative concentrations is to set all negative interpolated values to zero. This option is available in many interpolation software packages.
OSCILLATION
In the example shown in Figure 4 , all of the samples were taken at locations where the concentration is non-zero. However, it is common for many of the samples to have zero concentrations. This scenario can lead to oscillation of the interpolated values as shown in Since oscillations are a result of extrapolating trends, one way to eliminate oscillation is to use an interpolation scheme that does not extrapolate trends. However, this approach leads to inadequate inference of maximum concentrations as described above. A better solution to oscillation is to utilize the following approach: First, utilize an option to set all negative concentrations to zero as described in the previous section. This will ensure than any remaining oscillation is on the positive, or conservative side. Second, avoid interpolation The problem with this is that it is common for concentrations to exhibit some degree of correlation or consistency in the horizontal direction. This is due to the fact that soils are usually layered horizontally and contaminants may tend to migrate through relatively thin horizontal seams. Furthermore, many contaminants are immiscible and lighter than water resulting in plumes which flatten out and spread laterally when they come in contact with Jones/Davis 9 the water table. Thus, if only the nearest vertical set of samples is allowed to influence the interpolation at a point and samples from other sets which are in the same horizontal plane are neglected, the true horizontal bias in a plume may be badly misrepresented.
The ill effects of vertical clustering can be easily corrected by applying a scaling factor greater than one to the z coordinates of the sample locations prior to interpolation. This has the effect of "stretching" the sample locations in the vertical direction. As a result, samples from adjacent holes which are in approximately the same horizontal plane appear much closer to each other than they actually are. Thus, when interpolating to a point between a set of holes, samples from a number of vertical sets are likely to be given significant weight in the interpolation and the horizontal continuity in the data is more likely to be preserved.
The effects of z scaling are illustrated in Figure 7 . The set of samples shown in Figure 7a are from a site contaminated with a light, non aqueous phase liquid. The liquid has come in contact with the groundwater table and is flattening and spreading laterally. Without z scaling, the vertical clustering of the samples leads to the poor representation of the plume shown in Figure 7b . The application of z scaling to the interpolation leads to the much more accurate result shown in Figure 7c .
PROBLEMS WITH KRIGING
One of the more common interpolation schemes used to characterize contaminant plumes is Kriging (9-13). Kriging is based on the assumption that the value being interpolated can be Once the experimental variogram is computed, the next step is to define a model variogram.
A model variogram is a simple mathematical function that models the trend in the experimental variogram ( Figure 8 ). As can be seen in Figure 8a , the shape of the variogram indicates that at small separation distances, the variance in concentrations is small. In other words, points that are close together have similar concentrations. After a certain level of separation, the variance in the concentrations becomes somewhat random and the model variogram flattens out to a value corresponding to the average variance.
Once the model variogram is constructed, it is used to compute the weights in equation 1
One of the problems associated with using Kriging for plume characterization is that the experimental variogram does not follow the pattern typical of a regionalized variable where at large separation distances the variance eventually falls near some average variance as shown in Figure 8a . Instead, the variance tends to zero at large distances as shown in 
CONCLUSIONS
A proper understanding of interpolation algorithms is essential to ensure that the threedimensional data from a plume characterization study is interpreted correctly. Otherwise, the substantial investment of time and money during the data collection phase can be severely compromised during the data interpretation and visualization stage.
Most of the potential problems outlined in this paper derive from the fact that contaminant plumes are found in relatively discreet blocks with sharp fronts. Most interpolation schemes are formulated with the assumption that the parameter being estimated is nonzero throughout the region being studied. While this is true for parameters such as shear strength or hydraulic conductivity, it is not generally true for contaminant concentrations.
The presence of large regions with zero concentration and the sometimes abrupt transition from regions with a nonzero concentration to regions where the concentration is zero can cause anomalies such as negative concentrations and oscillations. However, the guidelines given in this paper can be used to overcome these problems and ensure that the threedimensional plume maps are an accurate representation of reality. 
